In Arabidopsis thaliana, the cryptochrome and phytochrome photoreceptors act together to promote photomorphogenic development. The cryptochrome and phytochrome signaling mechanisms interact directly with CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), a RING motif-containing E3 ligase that acts to negatively regulate photomorphogenesis. COP1 interacts with and ubiquitinates the transcription factors that promote photomorphogenesis, such as ELONGATED HYPOCOTYL5 and LONG HYPOCOTYL IN FAR-RED1 (HFR1), to inhibit photomorphogenic development. Here, we show that COP1 physically interacts with PIF3-LIKE1 (PIL1) and promotes PIL1 degradation via the 26S proteasome. We further demonstrate that phyB physically interacts with PIL1 and enhances PIL1 protein accumulation upon red light irradiation, probably through suppressing the COP1-PIL1 association. Biochemical and genetic studies indicate that PIL1 and HFR1 form heterodimers and promote photomorphogenesis cooperatively. Moreover, we demonstrate that PIL1 interacts with PIF1, 3, 4, and 5, resulting in the inhibition of the transcription of PIF direct-target genes. Our results reveal that PIL1 stability is regulated by phyB and COP1, likely through physical interactions, and that PIL1 coordinates with HFR1 to inhibit the transcriptional activity of PIFs, suggesting that PIL1, HFR1, and PIFs constitute a subset of antagonistic basic helix-loop-helix factors acting downstream of phyB and COP1 to regulate photomorphogenic development.
INTRODUCTION
Light serves not only as a source of energy, but also as an informational signal to modulate almost every aspect of plant development throughout the life cycle, such as seed germination, seedling deetiolation, shade avoidance, phototropism, circadian rhythm, and floral transition (Fankhauser and Chory, 1997; Deng and Quail, 1999) . Using Arabidopsis thaliana as a model organism has led to substantial advances in understanding the light control of seedling development. Photomorphogenesis is one of the well-studied light responses. Arabidopsis seedlings grown in the dark display an etiolated phenotype such as folded apical hooks, elongated hypocotyls, and absence of chlorophyll synthesis, while those in the light display expanded cotyledons, short hypocotyls, and accumulation of chlorophyll (McNellis and Deng, 1995) . Two well-characterized families of photoreceptors are primarily responsible for light promotion of photomorphogenesis: cryptochromes and phytochromes. The cryptochrome family members containing CRY1 and CRY2 absorb blue light (300 to 500 nm), whereas the phytochrome family members (phyA to phyE) perceive red and far-red light (600 to 750 nm) (Kendrick and Kronenberg, 1994; Briggs and Olney, 2001; Lin, 2002) . phyA functions predominately in far-red light, while phyB primarily regulates plant growth in red light (Whitelam et al., 1993; Neff et al., 2000) . Phytochromes exist in two photoreversible forms: a red lightabsorbing Pr form (biologically inactive) and a far-red lightabsorbing Pfr form (biologically active) (Rockwell et al., 2006) . Most recently, UVR8, a UV-B light photoreceptor, has been found to exclusively act in UV-B signaling (Brown et al., 2005; Heijde and Ulm, 2012) .
The CONSTITUTIVELY PHOTOMORPHOGENIC (COP)/DE-ETIOLATED/FUSCA proteins are repressors of photomorphogenesis that act downstream of the multiple photoreceptors. They consist of at least three distinct complexes: the COP1-SPA complex, the COP9 signalosome, and the COP10-DET1-DDB1 (CDD) complex (Deng et al., 1991; Wei et al., 1994; Suzuki et al., 2002; Serino and Deng, 2003; Laubinger et al., 2004) . COP1 is a RING-finger E3 ubiquitin ligase, which contains three recognizable structural domains: a Zn 2+ binding RING finger motif, a coiled-coil domain, and a WD-40 repeat domain (Deng et al., 1992; McNellis et al., 1994) . A myriad of transcription factors that promote photomorphogenesis were found to be suppressed by COP1 through direct interactions, such as ELON-GATED HYPOCOTYL5 (HY5), a bZIP transcription factor, and LONG HYPOCOTYL IN FAR-RED1 (HFR1), an atypical basic helix-loop-helix (bHLH) transcription factor (Ang et al., 1998; Osterlund et al., 2000; Jang et al., 2005; Yang et al., 2005) . SPAs (SUPPRESSOR OF PHYA-105s; SPA1, SPA2, SPA3, and SPA4), isolated as suppressors of phyA, show high sequence similarity to COP1 (Hoecker et al., 1998 (Hoecker et al., , 1999 Laubinger et al., 2004) . SPA1 physically interacts with COP1 and enhances its E3 ligase activity (Saijo et al., 2003; Seo et al., 2003) . Photoactivated CRY1 and CRY2 physically interact with SPAs, resulting in the dissociation of the COP1-SPA complex and eventually the accumulation of downstream COP1 substrates such as HY5 and HFR1 (Lian et al., 2011; Liu et al., 2011; Zuo et al., 2011) .
Upon exposure to light, phytochromes translocate from the cytoplasm to the nucleus Nagy and Schäfer, 2000; Nagatani, 2004) and interact with a group of transcription factors called PHYTOCHROME-INTERACTING FACTORS (PIFs) (Castillon et al., 2007; Leivar and Quail, 2011) . PIFs belong to the bHLH superfamily and negatively regulate photomorphogenic development (Ni et al., 1998; Huq et al., 2004; Monte et al., 2004; Shin et al., 2007; Leivar et al., 2008) . PIFs contain conserved N-terminal sequences, including the active phyA binding (APA) and phyB binding (APB) motifs (Khanna et al., 2004; Leivar and Quail, 2011) , which are required for their interactions with phyA and phyB, respectively (Zhu et al., 2000; Khanna et al., 2004; Al-Sady et al., 2006; Shen et al., 2008) . It is well established that, upon light exposure, PIF1, PIF3, PIF4, and PIF5 are rapidly phosphorylated in a phytochrome-dependent manner, which induces their degradation via the 26S proteasome (Park et al., 2004; Shen et al., 2005 Shen et al., , 2008 Al-Sady et al., 2006; Shen et al., 2007) . Chromatin immunoprecipitation studies identified a number of sites in the promoters of genes including PIL1, XTR7, and IAA19, bound by PIFs, which contain a series of G-boxes (CACGTG) (Martinez-Garcia et al., 2000; Shin et al., 2007; de Lucas et al., 2008; Moon et al., 2008; Hornitschek et al., 2009; Oh et al., 2009; Sun et al., 2013; Zhang et al., 2013) .
PIF3-LIKE1 (PIL1) shares amino acid sequence similarity to PIF3 and localizes to the nucleus (Yamashino et al., 2003; Khanna et al., 2006) . The G-boxes in the PIL1 promoter are responsible for the rapid upregulation of PIL1 by PIFs (Hornitschek et al., 2009; Zhang et al., 2013) . The pil1 mutants display elongated hypocotyls and smaller cotyledons, compared with the wild type under continuous red and far-red light (Salter et al., 2003; Khanna et al., 2006; Roig-Villanova et al., 2006) , suggesting that PIL1 functions as a positive regulator of photomorphogenesis.
Although previous studies have characterized a number of COP1-interacting proteins, it is unknown whether there are additional COP1-interacting proteins that may act in cryptochrome-or phytochrome-mediated signaling pathways. In this study, we demonstrate that PIL1 interacts with COP1 and is degraded in a COP1-dependent manner. PIL1 physically interacts with phyB, and its abundance is promoted by phyB upon red light exposure. Furthermore, PIL1 interacts with HFR1 and PIFs (PIF1, 3, 4, and 5 studied here) and coordinates with HFR1 to suppress the transcriptional activity of PIFs and promote photomorphogenesis. Taken together, our results suggest a mechanism by which PIL1, HFR1, and PIFs constitute a subset of antagonistic bHLH transcription factors, whose activities are modulated by COP1 and phyB.
RESULTS

PIL1 Physically Interacts with COP1 in Yeast Cells
The signaling mechanism of Arabidopsis cryptochromes, phytochromes, and UVR8 involves direct interaction with COP1 (Yang et al., 2000 (Yang et al., , 2001 Wang et al., 2001; Seo et al., 2004; Favory et al., 2009; Jang et al., 2010) . A number of transcription factors, such as HY5, HFR1, and CO, have been shown to interact with COP1 and are degraded in a COP1-dependent manner (Ang et al., 1998; Osterlund et al., 2000; Jang et al., 2005; Yang et al., 2005 ; L.J. . We sought to identify new COP1-interacting proteins and designated PIL1 as a candidate based on the previous demonstrations that PIL1 shares high amino acid sequence similarity to HFR1 and that the pil1 mutant shows reduced light responsiveness, similar to the hfr1 mutant (Duek and Fankhauser, 2003; Salter et al., 2003; Khanna et al., 2006; Roig-Villanova et al., 2006; Zhang et al., 2008) . We further analyzed the phenotype of the pil1-2 T-DNA insertion mutant and found that this mutant allele displays taller hypocotyls than the wild type in continuous blue, red, and farred light, respectively, confirming a positive role of PIL1 in regulating photomorphogenesis (Supplemental Figure 1) . We performed a yeast two-hybrid assay to examine whether PIL1 might interact with COP1. To do this, a bait construct expressing the LexA DNA binding domain fused to the full-length COP1 protein and a prey construct expressing the B42 transcriptional activation domain fused to full-length PIL1 were prepared (Figures 1A and 1B) . The results show that the full-length COP1 interacts with PIL1 as indicated by the high b-galactosidase activity ( Figures 1C and 1D ). Moreover, domain mapping assays demonstrate that PIL1 strongly interacts with the C-terminal WD40-containing fragment of COP1 (COP1△1-282) but does not interact with either the N-terminal fragment of COP1 (COP1△283-675), a shorter C-terminal WD40-containing fragment (COP1△1-386), or an internal fragment between the N-terminal and WD40-domain (COP1△1-282△387-675) (Figures 1C and 1D) . Immunoblot analysis indicates that the protein levels of the various COP1 fragments are similar to or higher than those of the full-length COP1 in yeast (Supplemental Figure  3A) . These results indicate that the C-terminal domain of COP1 may mediate the interaction of COP1 with PIL1 in yeast cells. To determine the domains of PIL1 that mediate the interaction with COP1, we generated two prey constructs expressing an N-terminal 283 amino acid fragment of PIL1, including the PIL and bHLH domains (PIL1△284-416) and a C-terminal fragment of PIL1 (PIL1△1-283), respectively ( Figure 1B ), and performed a yeast two-hybrid assay. These results show that neither the & N-terminal nor the C-terminal fragment of PIL1 interacts with COP1 ( Figure 1D ). Immunoblot analysis demonstrates that the protein levels of the PIL1△1-283 and PIL1△284-416 are higher and a little lower than those of the full-length PIL1 in yeast, respectively (Supplemental Figure 3B) . Therefore, it is likely that the overall structure of PIL1 is required for its interaction with COP1.
PIL1 Physically Interacts with COP1 in Plant Cells
To examine whether PIL1 interacts with COP1 in plant cells, we first transiently expressed PIL1 tagged with cyan fluorescent protein (PIL1-CFP) and COP1 tagged with yellow fluorescent protein (YFP-COP1), either individually or together, in tobacco (Nicotiana tabacum) cells. As anticipated, PIL1 and COP1 are colocalized in the same nuclear bodies (NBs) ( Figure 1E ), indicating their interaction in plant cells. We then investigated whether PIL1 interacts with COP1 in Arabidopsis. To do this, we prepared a construct expressing PIL1 fused to 33FLAG driven 2 of 16
The Plant Cell by the 35S promoter of cauliflower mosaic virus and transformed it into the wild-type background. We found that hypocotyl elongation was inhibited to a greater extent in the transgenic lines than in the wild type under continuous blue, red, and farred light, respectively, suggesting that the PIL1-FLAG fusion protein is biologically functional (Supplemental Figure 1) . One representative line, 35S pro :PIL1-FLAG#19/WT, was introgressed into the cop1 mutant background by genetic crossing. We used the 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/cop1 transgenic plants to perform a coimmunoprecipitation (Co-IP) assay. The results show that immunoprecipitation of endogenous COP1 pulls down PIL1-FLAG in 35S pro :PIL1-FLAG#19/WT seedlings, but not in 35S pro :PIL1-FLAG#19/cop1, demonstrating that PIL1 interacts with COP1 in Arabidopsis ( Figure 1F ).
PIL1 Undergoes Degradation in a COP1-Dependent Manner in Darkness
With the demonstration that COP1 physically interacts with PIL1, we asked whether PIL1 stability is regulated by COP1. To test this possibility, we first determined whether PIL1 is degraded via the 26S proteasome. 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#22/WT seedlings were grown in darkness for 4 d and then treated with MG132 or DMSO for 6 h. Total protein was extracted and equal amounts were subjected to immunoblot analysis. The results reveal that MG132 treatment significantly increases the accumulation of PIL1-FLAG in these two independent transgenic lines, indicating that PIL1 is subjected to 26S proteasome-mediated proteolysis in darkness ( Figure 2A ). (E) PIL1 and COP1 localize together to NBs in tobacco cells. Dic, differential interference contrast. Bars = 5 mm.
(F) COP1 interacts with PIL1 in vivo. Four-day-old blue light-grown 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/cop1 seedlings were transferred to darkness for 16 h and subjected to a Co-IP assay using anti-COP1 antibody, and the immunoprecipitates were detected using anti-COP1 and anti-FLAG antibodies, respectively. Asterisks show the heavy chain of IgG.
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We also introduced a construct expressing PIL1 fused to green fluorescent protein (GFP) driven by the 35S promoter into the wild-type background and found that MG132, but not DMSO promotes the nuclear accumulation of PIL1 in the dark ( Figure  2B ). We then examined whether COP1 is responsible for PIL1 degradation in the dark by analyzing PIL1 accumulation in darkgrown 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/ cop1 seedlings, respectively. The results show that PIL1-FLAG accumulates at much higher levels in the cop1 mutant than in the wild type ( Figure 2C ). We also introgressed the 35S pro :PIL1-GFP transgene from the wild type into the cop1 mutant background by genetic crossing to generate 35S pro :PIL1-GFP#5/ cop1 transgenic plants and analyzed the GFP signal through fluorescence microscopy. The GFP signal is clearly detected in root cells of dark-grown 35S pro :PIL1-GFP#5/cop1 seedlings, but hardly detected in 35S pro :PIL1-GFP#5/WT ( Figure 2D ). These results indicate that COP1 promotes PIL1 degradation in darkness.
Light Exposure Promotes PIL1 Accumulation
We examined whether light regulates PIL1 accumulation by immunoblotting analysis of the 35S pro :PIL1-FLAG#19/WT seedlings grown in continuous darkness, blue, red, and far-red light, respectively. The results indicate that blue and far-red light strongly promote PIL1 accumulation, whereas red light has mild promotion effects ( Figure 2E ). Next, we analyzed the dynamic changes of PIL1 by immunoblot analysis of 35S pro :PIL1-FLAG#19/ WT seedlings grown in darkness for 4 d and then exposed to blue, red, and far-red light for 30, 60, and 120 min, respectively. The results show that 30 to 60 min of blue and far-red light irradiation dramatically promotes PIL1-FLAG, whereas 30 to 60 min red light exposure moderately enhances PIL1 accumulation ( Figure 2F ). Prolonged far-red light irradiation (120 min) still increases PIL1-FLAG accumulation, whereas prolonged blue and red light exposure attenuate PIL1-FLAG accumulation, compared with 60 min exposure ( Figure 2F ). Considering that the PIL1 transcript rapidly decreases in response to red light illumination (Khanna et al., 2006) , we asked whether light-grown Arabidopsis seedlings accumulate PIL1. To do this, we generated a construct expressing PIL1-FLAG driven by the PIL1 native promoter (22000 to 21 bp) and transformed it into the pil1-2 mutant. PIL1 pro :PIL1-FLAG/pil1 transgenic plants show the wild-type phenotypes (Supplemental Figure 2) , indicating that the PIL1 pro :PIL1-FLAG transgene is biologically functional. Quantitative RT-PCR (qRT-PCR) analysis indicates that the transcript levels of the PIL1 transgene in all these transgenic plants are reduced upon 60 min red light irradiation, but to a lesser extent than endogenous PIL1 in the wild type (Supplemental Figure 4) . It is possible that the selected 2.0-kb promoter fragment of PIL1 lacks some transcriptional regulatory elements present in its native promoter. Immunoblot analysis of PIL1 in PIL1 pro :PIL1-FLAG#15/pil1 seedlings grown in continuous blue, red, and far-red light indicates that, consistent with the results obtained for 35S pro :PIL1-FLAG#19/WT, blue and far-red light strongly enhance PIL1 accumulation, whereas red light hardly does (Supplemental Figure 5) . We then analyzed the dynamic changes of PIL1-FLAG in PIL1 pro :PIL1-FLAG#15/pil1 seedlings grown in darkness for 4 d and then exposed to red light for 15 to 240 min. PIL1 accumulation slightly increases upon 30 min red light illumination and declines to a level similar to that in darkness upon 60 min exposure ( Figure 2G ). An exposure of longer than 60 min further attenuates PIL1 accumulation. The ratio of PIL1 protein to PIL1 transgene mRNA (PIL1/ PIL1) increases by 39% upon a 60 min exposure ( Figure 2G ; Supplemental Figure 4) . Given that the level of endogenous PIL1 transcripts declines much more quickly than the PIL1 transgene upon 60 min red light irradiation (Khanna et al., 2006; Supplemental Figure 4) , these results indicate that initial red light illumination promotes PIL1 protein accumulation.
PIL1 and HFR1 Act Genetically Downstream of COP1 to Promote Photomorphogenesis
Since COP1 physically interacts with PIL1 and as the PIL1 protein level is regulated by COP1 (Figures 1, 2C , and 2D), we analyzed the genetic interaction between COP1 and PIL1 by generating a cop1 pil1 double mutant, and we found that this double mutant displays a slightly but statistically significantly (Tukey's LSD test, P # 0.01) elongated hypocotyl phenotype compared with the cop1 single mutant in the dark, blue, red, and far-red light, respectively ( Figures 3A and 3C ). Since both PIL1 and HFR1 act to promote photomorphogenesis and undergo protein degradation in a COP1-dependent manner (Jang et al., 2005; Yang et al., 2005 ; Figures 1, 2C, and 2D; Supplemental Figures 1 and 2), we asked whether PIL1 may act additively with HFR1 to promote photomorphogenesis. To test this possibility, we first generated the pil1 hfr1 double mutant and found that the hypocotyls of the double mutant are significantly taller than those of the pil1 and hfr1 single mutant seedlings under blue, red, and far-red light, respectively (Figures 3B and 3D) . We then constructed a cop1 pil1 hfr1 triple mutant and found that, compared with the cop1 pil1 or cop1 hfr1 double mutant, the triple mutant seedlings develop dramatically elongated hypocotyls in darkness and various light conditions and folded or reduced cotyledons in the dark, blue, and far-red light, respectively ( Figures 3A and 3C ). These results indicate that PIL1 and HFR1 act additively to regulate photomorphogenesis and are situated genetically downstream of COP1.
PIL1 Physically Interacts with HFR1
The genetic interaction between PIL1 and HFR1 prompted us to investigate whether PIL1 and HFR1 physically interact. We first performed a yeast two-hybrid assay with constructs expressing the LexA DNA binding domain fused to HFR1 and pB42 AD-PIL1 ( Figure 4A ). Indeed, a strong interaction between PIL1 and HFR1 was observed in yeast cells (Figures 4B and 4C) . The PIL1-HFR1 interaction was then confirmed by in vivo protein colocalization and bimolecular fluorescence complementation (BiFC) assays. For the protein colocalization assay, we transiently expressed PIL1-CFP and HFR1 tagged with YFP (HFR1-YFP) either individually or together in tobacco cells. As shown in Figure  4D , HFR1-YFP diffuses exclusively in the nucleus, while coexpression of PIL1-CFP and HFR1-YFP show the colocalized NBs, indicating that PIL1 and HFR1 interact in tobacco cells. For the BiFC assay, we fused the N-and C-terminal halves of YFP to the 4 of 16
The Plant Cell (E) to (G) Total protein was subjected to immunoblot analysis with anti-FLAG and anti-ACTIN antibodies. PIL1/ACT indicates the relative band intensities of PIL1-FLAG normalized to ACTIN and is presented relative to that in darkness set at unity. DK, darkness; BL, blue light; RL, red light; FRL, farred light.
Regulation of PIL1 by COP1 and phyB 5 of 16 N terminus of HFR1 and C terminus of PIL1, respectively. Strong YFP fluorescence was observed when nYFP-HFR1 and PIL1-cYFP were coexpressed, suggesting that PIL1 interacts with HFR1 ( Figure 4E ). Taken together, these results demonstrate that PIL1 physically interacts with HFR1.
PIL1 Preferentially Interacts with Photoactive phyB
Since PIL1 is closely related to PIFs and possesses a putative APB motif (Yamashino et al., 2003; Khanna et al., 2004; Leivar and Quail, 2011) , we asked whether PIL1 might interact with phyB. To test this possibility, the yeast two-hybrid assay was performed with phyB and PIL1 fused to a GAL4 activation (AD) and binding (BD) domain, respectively. Since phycocyanobilin (PCB) has long been used as a phytochromobilin analog to reconstitute Arabidopsis phytochrome holoproteins (Elich and Lagarias, 1989; Wahleithner et al., 1991) , the selective medium was supplemented with PCB to reconstitute photoactive phyB (Pfr form). As shown in Figure 5A , yeast cells coexpressing ADphyB and BD-PIL1 are able to grow on selective media with PCB incubated in red light for 3 d, but not in darkness. When the incubation time was extended to 6 d, yeast cells coexpressing AD-phyB and BD-PIL1 are able to grow in darkness, but not as robustly as in red light, suggesting that PIL1 interacts preferentially with the Pfr form of phyB (Supplemental Figure 6 ). To investigate whether the putative APB motif in PIL1 is required for the phyB-PIL1 interaction, we generated a bait construct expressing PIL1 lacking the APB motif (BD-PIL1△APB). No interaction was found between PIL1△APB and phyB in either red light or darkness ( Figure 5A ), indicating that the APB motif of PIL1 is required for phyB-PIL1 interaction in yeast cells. Next, we performed protein colocalization and BiFC assays to confirm the phyB-PIL1 interaction in plant cells. For the colocalization assay, PIL1-CFP and phyB tagged with YFP (phyB-YFP), either individually or together, were transiently coexpressed in tobacco cells. When exposed to red light, phyB-YFP and PIL1-CFP display NBs, but CFP and YFP do not when coexpressed with phyB-YFP and PIL1-CFP, respectively ( Figure 5B ). Coexpression of PIL1-CFP and phyB-YFP result in the formation of the same colocalized NBs ( Figure 5B ), indicating their interaction in plant cells. We also transiently coexpressed PIL1-CFP and YFP-tagged phyA (phyA-YFP), either individually or together, in tobacco cells and found that PIL1 and phyA also colocalized in the same NBs (Supplemental Figure 7) , indicating that PIL1 might interact with phyA.
For the BiFC assay, we fused the N-and C-terminal halves of YFP to the N terminus of PIL1 and the C terminus of phyB, respectively. When exposed to red light, strong YFP fluorescence was observed when nYFP-PIL1 and phyB-cYFP were coexpressed, suggesting PIL1 interacts with phyB ( Figure 5C ). To . Error bars represent 6SD (n = 30). The letters "a" to "e" indicate statistically significant differences between means for hypocotyl lengths of the indicated genotypes, as determined by Tukey's LSD test (P # 0.01).
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The Plant Cell investigate whether the putative APB motif in PIL1 is required for the phyB-PIL1 interaction in plant cells, we generated a construct containing nYFP fused to PIL1 lacking the APB motif (nYFP-PIL1△APB) and performed the BiFC assay. No YFP signal was observed when nYFP-PIL1△APB and phyB-cYFP are coexpressed ( Figure 5C ), indicating that the APB motif of PIL1 is required for the phyB-PIL1 interaction.
To further determine whether PIL1 interacts with phyB in Arabidopsis, we performed a Co-IP assay using 35S pro :PIL1-FLAG#19/WT and wild-type seedlings. The anti-phyB antibody was prepared and its specificity was analyzed by immunoblotting (Supplemental Figure 8) . As shown in Figure 5D , immunoprecipitation of PIL1-FLAG pulls down the endogenous phyB from the 35S pro :PIL1-FLAG#19/WT seedlings exposed to red light, but not from either wild-type control or dark-grown 35S pro :PIL1-FLAG#19/WT seedlings ( Figure 5D ), in which phyB is known to be localized to the cytoplasm . These results indicate that PIL1 interacts with phyB in Arabidopsis under red light.
phyB Promotes the COP1-PIL1 Disassociation in Response to Red Light Exposure
To examine whether phyB regulates PIL1 accumulation, we introgressed the 35S pro :PIL1-FLAG transgene from the wild type into the phyB mutant background by genetic crossing to generate the 35S pro :PIL1-FLAG#19/phyB transgenic plants. We analyzed PIL1 accumulation in 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/phyB seedlings grown in continuous darkness and red light and found that red light moderately induces PIL1-FLAG accumulation in the presence of phyB (35S pro : PIL1-FLAG#19/WT), but not in the absence of phyB (35S pro : PIL1-FLAG#19/phyB) (Supplemental Figure 9) . Furthermore, we analyzed PIL1 accumulation dynamics in 35S pro :PIL1-FLAG#19/ WT and 35S pro :PIL1-FLAG#19/phyB seedlings grown in the dark for 4 d and exposed to red light for 30 and 60 min, respectively. Red light exposure enhances PIL1 accumulation in the presence of phyB (35S pro :PIL1-FLAG#19/WT), but not in the absence of phyB (35S pro :PIL1-FLAG#19/phyB) ( Figure 6A ), suggesting that phyB is responsible for the red light-induced accumulation of PIL1.
Since phyB promotes PIL1 stabilization and physically interacts with PIL1 (Figures 5 and 6A; Supplemental Figure 6 ), we then asked whether phyB might affect the COP1-PIL1 association. To test this possibility, we analyzed the association capacity of COP1 with PIL1 through Co-IP assays using darkgrown 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/ phyB seedlings that were exposed to red light for different lengths of time, respectively. We confirmed equal loading by immunoblotting using an antibody against ACTIN ( Figure 6B ). The results demonstrate that, in the presence of phyB, the COP1-PIL1 interaction is reduced progressively with prolonged exposure to red light, with the amount of PIL1-FLAG coimmunoprecipitated with COP1 being reduced by ;26 and 64% upon 4 and 12 h of red light irradiation compared with darkness, respectively ( Figure 6B ). In contrast, in the phyB mutant background, red light failed to induce the COP1-PIL1 dissociation ( Figure 6B ). These data indicate that the phyB-induced PIL1 accumulation is likely mediated through the phyB-promoted dissociation of COP1 from PIL1 under red light irradiation.
PIL1 Interacts with PIFs in Both Yeast and Plant Cells
Since HFR1 interacts with PIFs and inhibits their activity Hornitschek et al., 2009; Bu et al., 2011; Shi et al., 2013) , we speculated that PIL1 might also directly interact with PIFs. To test this possibility, we performed a yeast two-hybrid assay with PIF5 fused to the GAL4 activation (AD) domain and PIL1 fused to the GAL4 binding (BD) domain. The results show that PIL1 interacts with PIF5 ( Figure 7A ).
We then performed protein colocalization and BiFC assays to confirm the interactions between PIL1 and PIF5 and other PIFs. For the protein colocalization assay, PIL1-CFP was coexpressed with PIF1, PIF3, and PIF5 tagged with YFP (YFP-PIF1, YFP-PIF3, and YFP-PIF5). The results demonstrate that YFP-PIF1, YFP-PIF3, YFP-PIF5, and PIL1-CFP display NBs and that PIL1-CFP colocalizes with YFP-PIF1, YFP-PIF3, and YFP-PIF5 in the same NBs, respectively ( Figure 7B ; Supplemental Figure  10 ). We also transiently expressed PIF4 tagged with CFP (PIF4-CFP) and PIL1 tagged with YFP (YFP-PIL1), both of which form distinct NBs (Supplemental Figure 10) . Coexpression of YFP-PIL1 and PIF4-CFP demonstrates that they colocalize in the same NBs ( Figure 7B ). For the BiFC assay, the N-terminal halves of YFP were fused to the N terminus of PIF1, PIF3, and PIF4, respectively. YFP fluorescence is detected in the nuclei of cells coexpressing PIL1-cYFP and nYFP-PIF1, PIL1-cYFP and nYFP-PIF3, or PIL1-cYFP and nYFP-PIF4 ( Figure 7C ). We also generated constructs expressing PIL1 fused to the C terminus of nYFP (nYFP-PIL1) and PIF5 fused to the N terminus of cYFP (PIF5-cYFP), respectively, and performed a BiFC assay. Strong (C) BiFC assay of the phyB-PIL1 interaction in tobacco leaf cells. CFP serves as an internal control. The left two panels show the wide field view to indicate the BiFC efficiency. The right two panels show a single nucleus at high magnification. Gray bars = 100 mm; white bars = 5 mm. The tobacco leaves infiltrated with the combinations shown in (B) and (C) were adapted in darkness for 30 to 36 h and then exposed to red light (15 mmol/s$m 2 ) for 12 h before analysis by confocal microscopy. (D) phyB interacts with PIL1 in vivo. Four-day-old blue light-grown 35S pro :PIL1-FLAG#19/WT and wild-type seedlings were transferred to darkness for 4 h and then exposed to red light for 12 h (RL) or kept in darkness for another 12 h (DK). Total protein was immunoprecipitated using FLAG-beads, and immunoprecipitates were probed with anti-phyB and anti-FLAG antibodies, respectively. Asterisks show the heavy chain of IgG.
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The Plant Cell YFP fluorescence was observed in cells coexpressing these two fusion proteins ( Figure 7C ). Taken together, these results demonstrate that PIL1 interacts with PIFs.
PIFs Are Genetically Epistatic to PIL1
To explore the genetic interactions between PIL1 and PIFs, we generated a pil1 pif1 pif3 pif4 pif5 (pil1 pifq) quintuple mutant by crossing pil1-2 with pifq and analyzed its photomorphogenic phenotype in darkness, blue, red, and far-red light, respectively. Compared with the pil1 single mutant, the pil1 pifq quintuple mutant exhibits an expanded cotyledon phenotype in darkness and enhanced inhibition of hypocotyl elongation in blue, red, and far-red light, respectively, similar to pifq (Figure 8 ). These results indicate that pifq is epistatic over the pil1 mutant phenotype.
PIL1 and HFR1 Additively Inhibit the Transcription of PIF Direct-Target Genes
With the demonstrations that PIL1 interacts with HFR1, that both PIL1 and HFR1 interact with PIFs, and that HFR1 represses PIF1, PIF4, and PIF5 transcriptional activity Hornitschek et al., 2009; Shi et al., 2013 ; Figure 4 ), we asked whether PIL1 might also regulate the expression of PIF direct-target genes. To test this possibility, we performed qRT-PCR to analyze up to nine direct targets of PIFs (Zhang et al., 2013) , of which PIL2 and XTR7 are shown to regulate hypocotyl elongation (Penfield et al., 2010; Sasidharan et al., 2010) , in wildtype, hfr1, pil1, pil1 hfr1, and pifq seedlings grown in darkness for 3 d and exposed to red light for 10, 20, and 30 min, respectively. All these genes are drastically downregulated in pifq ( Figure 9A ; Supplemental Figure 11 ). When exposed to red light for 20 min, more ARF18 and XTR7 transcripts were detected in pil1 and hfr1 than in the wild type, and even more transcripts were detected in the pil1 hfr1 double mutant than in pil1 and hfr1 single mutants ( Figure 9A ). The expression levels of EDF3, PIL2, ST2A, and SNRK2.5 in pil1 hfr1 were higher than those in the pil1 and hfr1 single mutants, though no differences were detected among pil1, hfr1, and the wild type ( Figure 9A ). We found that some PIF direct-target genes, including SDR, ATHB2, and IAA19, are not inhibited by PIL1 and HFR1 upon 20 min red light irradiation ( Figure 9A ). When 3-d-old dark-grown seedlings were exposed to red light for 10 min, the expression levels of ST2A, ARF18, and EDF3 were higher in pil1 hfr1 than in pil1 and hfr1 (Supplemental Figure 11A) . However, the expression of these genes is not increased in hfr1, pil1, or hfr1 pil1 seedlings grown in continuous darkness or exposed to red light for 30 min, compared with the wild type (Supplemental Figures 11B and  11C ). These results indicate that PIL1 and HFR1 might cooperatively inhibit the expression of some PIF direct-target genes within 20 min of red light irradiation. We also performed qRT-PCR to analyze the expression of direct target genes of PIFs in seedlings of the wild type, 35S pro : PIL1-FLAG#19/WT, the hfr1 mutant overexpressing GFP-HFR1 (35S pro :GFP-HFR1/hfr1) , and pifq grown in darkness for 3 d and exposed to red light for 20 min, respectively. The results show that the expression levels of these genes except ARF18 in 35S pro :PIL1-FLAG#19/WT and 35S pro : GFP-HFR1/hfr1 are significantly lower than in the wild type (Supplemental Figure 12) . Moreover, the expression of HFR1 and PIL1 is also reduced in 35S pro :PIL1-FLAG#19/WT and 35S pro :GFP-HFR1/hfr1, respectively (Supplemental Figure 12) . Taken together, these data further suggest that both PIL1 and HFR1 are responsible for the inhibition of expression of some PIF direct-target genes upon 20 min of red light irradiation.
To explore the possible direct regulation of PIFs by PIL1 and HFR1, we utilized a transient transcription assay, the dual luciferase (Dual-LUC) assay, in tobacco. To do this, we isolated 2-kb promoter regions of PIL1 (PIL1 pro ), ST2A (ST2A pro ), and IAA19 (IAA19 pro ), which are the well-known PIF direct-target genes (Hornitschek et al., 2009; Sun et al., 2013; Zhang et al., 2013) , and made reporter constructs expressing LUC under the control of PIL1 pro , ST2A pro , and IAA19 pro , respectively ( Figure 9B ; Supplemental Figure 13A ). The effector constructs expressing (A) PIL1 accumulated in a phyB-dependent manner. 35S pro :PIL1-FLAG#19/WT and 35S pro :PIL1-FLAG#19/phyB seedlings were grown in darkness for 4 d and then exposed to red light for the indicated time periods before total protein was extracted for immunoblot analysis with anti-FLAG and anti-ACTIN antibodies, respectively. PIL1/ACT indicates the band intensities of PIL1-FLAG normalized to ACTIN and is presented relative to that in darkness set at unity. Regulation of PIL1 by COP1 and phyB 9 of 16 GFP-PIF5, HFR1-CFP, and PIL1-FLAG under the control of the 35S promoter were generated, respectively, and were transiently coexpressed in tobacco leaves with the reporter constructs in different combinations. The results show that PIF5 alone strongly stimulates the PIL1 pro :LUC, ST2A pro :LUC, and IAA19 pro :LUC reporter activity, respectively ( Figure 9C ; Supplemental Figures 13B and 13C) , consistent with PIF5 being a positive regulator of these three genes (Hornitschek et al., 2009; Sun et al., 2013; Zhang et al., 2013) . When PIL1 or HFR1 is coexpressed with PIF5, the activity of PIL1, ST2A, and IAA19 promoters is repressed ( Figure 9C ; Supplemental Figures 13B and 13C ). When both PIL1 and HFR1 are coexpressed with PIF5, the activities of the PIL1 and ST2A promoters are further attenuated ( Figure 9C ; Supplemental Figure 13B ). Taken together, these results indicate that PIL1 and HFR1 might act additively to repress the transcription of some of the PIF direct-target genes by directly interfering with the activities of PIF proteins.
DISCUSSION
COP1 Physically Interacts with PIL1 and Promotes Its Degradation in Darkness
PIL1 belongs to the bHLH transcription factor family and shares similarity to HFR1. The mutant alleles of pil1 (pil1-1, pil1-2, pil1-3, and pil1-4) have elongated hypocotyls, compared with the wild type, in red and far-red light (Khanna et al., 2006) . In this study, we demonstrate that the pi11 mutant displays an elongated hypocotyl phenotype compared with the wild type, not only in red and far-red light, but in blue light as well (Figures 3  and 8 ; Supplemental Figures 1 and 2) . Furthermore, we demonstrate that transgenic plants overexpressing PIL1 show a shortened hypocotyl phenotype under blue, red, and far-red light, respectively (Supplemental Figure 1) . Moreover, pil1 hfr1 double mutant seedlings are taller than hfr1 single mutant in blue, red, and far-red light ( Figures 3B and 3D) , and loss function of PIL1 and HFR1 in the cop1 mutant background significantly attenuates the constitutively photomorphogenic phenotype of the cop1 mutant in the dark ( Figures 3A and 3C ). Based on the above evidence, we propose that, like HFR1, PIL1 is a positively acting transcription factor that promotes photomorphogenesis.
We analyzed PIL1 accumulation in the dark and light and found that PIL1 is degraded in the dark, and the 26S proteasome inhibitor can inhibit its degradation (Figures 2A, 2B , and 2E to 2G). Through combined approaches of yeast two-hybrid, in vivo protein colocalization, and Co-IP assays, we demonstrate that COP1 physically interacts with PIL1 (Figure 1) . We further analyzed PIL1 protein levels in the wild type and cop1 mutant backgrounds in the dark and found that PIL1 accumulates at a much higher level 
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The Plant Cell in the cop1 mutant than in the wild type ( Figures 2C and 2D ). COP1 possesses intrinsic E3 activity and is shown to ubiquitinate several transcription factors, such as HY5, HFR1, and CO, and targets them for degradation (Osterlund et al., 2000; Saijo et al., 2003; Jang et al., 2005; Yang et al., 2005 ; L.J. . We examined whether COP1 is able to ubiquitinate PIL1 by performing an in vitro ubiquitination analysis in the presence of MBP-COP1, E1, E2, and ubiquitin, but failed to detect the polyubiquitinated PIL1. Whether COP1 serves as an E3 ubiquitin ligase for PIL1 or functions with other components to ubiquitinate PIL1 in vivo will need further investigation. Taken together, our results suggest that PIL1 is a positive regulator of photomorphogenesis and COP1 directly interacts with PIL1 and promotes its degradation via the 26S proteasome-dependent pathway.
Photoactive phyB Physically Interacts with PIL1 and May Stabilize PIL1 through Inhibiting the COP1-PIL1 Association
Previous studies have shown that the APA and APB motifs are necessary for the interactions of PIFs with phyA and phyB, respectively (Khanna et al., 2004; Al-Sady et al., 2006; Shen et al., 2008) . Though PIL1 also has a putative APB motif (Khanna et al., 2004; Leivar and Quail, 2011) , a previous study did not demonstrate the interaction between PIL1 and Pfr phyB through an in vitro pull-down assay (Khanna et al., 2004) . In this study, we analyzed the phyB-PIL1 interaction through combined approaches of yeast two-hybrid, in vivo protein colocalization, BiFC, and Co-IP ( Figure 5 ; Supplemental Figure 6 ). The results suggest that PIL1 preferentially interacts with photoactive phyB Error bars represent 6SD (n = 30). The letters "a" to "c" indicate statistically significant differences between means for hypocotyl lengths of the indicated genotypes, as determined by Tukey's LSD test (P # 0.01). (A) qRT-PCR results showing the expression of PIF direct-target genes in multiple genotypes. Expression levels were normalized to an internal ACTIN2 control and are presented relative to the wild-type levels set at unity. Data are represented as the mean of biological triplicates 6SD (n = 3). All the seedlings were grown in darkness for 3 d and then transferred to red light for 20 min. 1, Wild type; 2, hfr1; 3, pil1; 4, pil1 hfr1; 5, pifq.
(B) Schematic presentation of the Dual-LUC assay reporter construct expressing LUC under the PIL1 promoter (PIL1 pro ).
(C) Tobacco leaves were infiltrated with strains harboring the PIL1 pro : LUC reporter and effectors in the indicated combinations. The values were given by calculating the ratio of LUC activities to REN activities (LUC/REN). Error bars represent 6SD (n = 3).
and that the APB motif of PIL1 is required for the interaction with phyB. We analyzed PIL1 accumulation in the wild type and phyB mutant backgrounds and found that both initial red light irradiation (within 60 min) and continuous red light are able to enhance PIL1 accumulation in the wild type, but not in the phyB mutant ( Figure 6A ; Supplemental Figure 9 ). We sought to examine how phyB is able to stabilize PIL1 by analyzing the capacity of the COP1 and PIL1 interaction in the presence and absence of phyB upon various periods of red light exposure ( Figure 6B ). The results indicate that phyB is involved in promoting the COP1-PIL1 dissociation upon red light exposure. Since phyB interacts with both COP1 and PIL1 ( Figure 5 ; Jang et al., 2010) , whether the phyB-COP1 and/or phyB-PIL1 interaction is responsible for the negative regulation of the COP1-PIL1 interaction awaits further investigation. It is interesting to note that, in contrast to PIFs, whose degradation is rapidly promoted by phyB in response to red light irradiation (Park et al., 2004; Shen et al., 2005 Shen et al., , 2008 Al-Sady et al., 2006; Shen et al., 2007) , PIL1 degradation is inhibited by phyB ( Figure 6 ). In agreement with their contrasting protein degradation properties, the pifq mutant shows a constitutive photomorphogenic phenotype in the dark and enhanced responsiveness to light (Leivar et al., 2008 (Leivar et al., , 2009 , whereas the pil1 mutant displays reduced responsiveness to light (Figures 3 and  8 ; Supplemental Figures 1 and 2 ; Khanna et al., 2006) . We carefully compared the amino acid sequences of PIL1 and PIFs and found that they share similarity only in the PIL and bHLH domains. Whether the amino acid sequence differences beyond these two domains in PIL1 and PIFs are responsible for the differences in the phyB-mediated regulation of protein stability remains to be determined.
It is worth noting that PIL1-FLAG in either 35S pro :PIL1-FLAG/ WT or PIL1 pro :PIL1-FLAG/pil1 transgenic plants increases upon 15 to 60 min red light irradiation, but declines after prolonged exposure (Figures 2F and 2G) . Previous studies showed that nuclear phyB is unstable and decreases by ;70% after 24 h red light treatment; specifically, a functional phyB N-terminal region containing a constitutively nuclear localized signal (NGG-NLS) has a half-life of <2 h (Jang et al., 2010) . Upon red light exposure, the phyB-COP1 interaction may immediately exert inhibitory effects on COP1 and result in enhanced PIL1 accumulation, whereas upon prolonged red light illumination, the phyB-COP1 interaction may in turn trigger the degradation of phyB, and COP1 activity may increase, leading to the degradation of PIL1. Thus, dynamic changes in PIFs and PIL1 accumulation, PIL1 transcription, and phyB and COP1 activities in response to red light exposure regulate red light-mediated photomorphogenic development, and in these complex dynamics, PIL1, which accumulates to moderate levels upon initial red light irradiation, is likely responsible for mediating the photomorphogenic phenotype.
PIL1 and HFR1 Form Heterodimers and May Act Together to Suppress PIFs and Promote Photomorphogenic Development
In this study, we demonstrate that PIL1 and HFR1 act additively to promote photomorphogenesis, based on the fact that the pil1 hfr1 double mutant exhibits a greater reduction in the photomorphogenic phenotype than the pil1 or hfr1 single mutant under blue, red, and far-red light, respectively, and that the cop1 pil1 hfr1 triple mutant displays a more attenuated photomorphogenic phenotype than the cop1 pil1 or cop1 hfr1 double mutant in darkness, blue, red, and far-red light (Figure 3) . Furthermore, through yeast two-hybrid, colocalization, and BiFC assays, we demonstrate that PIL1 physically interacts with HFR1 to form heterodimers (Figure 4) . Therefore, we propose that PIL1 and HFR1 form heterodimers and act additively to promote photomorphogenesis.
It is shown that HFR1 forms heterodimers with PIFs and prevents PIFs from binding to DNA (Hornitschek et al., 2009; Shi et al., 2013) . In this study, we also show that PIL1 physically interacts with PIFs ( Figure 7 ) and that pifq is epistatic to the photomorphogenic phenotype of pil1 (Figure 8) . Moreover, we demonstrate that PIL1, along with HFR1, acts to regulate the expression of some of the PIF direct-target genes likely through inhibiting the transcriptional activity of PIFs (Figure 9 ; Supplemental Figures 12 and 13) . However, whether PIL1 and HFR1 act together to inhibit the binding capacity of PIFs to their (A) In darkness, phyB is inactive and localized to the cytoplasm and PIFs accumulate to a high level in the nucleus (shown by triple blue ellipsoids), while nuclear COP1 interacts with PIL1 and HFR1 and promotes their degradation. As a result, little HFR1 and PIL1 (shown by a single purple and yellow ellipsoid, respectively) interact with PIFs; thus, PIFs are highly active and strongly induce the transcription of their direct-target genes, repressing photomorphogenesis. (B) When exposed to red light, phyB is activated and translocated into the nucleus, where it interacts with PIFs and promotes PIFs degradation. Meanwhile, phyB interacts with both COP1 and PIL1, resulting in the accumulation of HFR1 and PIL1 (shown by triple purple and yellow ellipsoids, respectively). The accumulated PIL1, along with HFR1, may interact with the remaining PIFs (shown by a single blue ellipsoid) to inhibit the transcription of PIF direct-target genes and promote photomorphogenesis. Prolonged red light exposure promotes the translocation of COP1 from the nucleus to the cytoplasm. Blue lines represent the direct interactions established in this study. Arrow and T-bar denote positive and negative regulation, respectively.
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The Plant Cell target gene promoters requires further investigation. Specifically, our data show that PIL1 inhibits the transcription of PIF direct-target genes, such as ARF18 and XTR7, within 20 min of red light illumination, and the PIL1-FLAG protein in PIL1 pro :PIL1-FLAG/pil1 plants accumulates to a slightly higher level upon 30 min red light irradiation and declines to the same level as in darkness after 60 min ( Figures 2G and 9A ). It is known that PIF degradation is induced rapidly upon 60 min red light exposure and that the half-life of PIFs is 5 to 20 min (Park et al., 2004; Shen et al., 2005 Shen et al., , 2008 Al-Sady et al., 2006; Shen et al., 2007) . Based on our results and these previous findings, we propose that the ratio of PIL1/PIFs increases dramatically upon 60 min red light exposure and that 20 min illumination might be sufficient to inhibit PIFs and the subsequent transcription of their direct-target genes, consistent with our notion that PIL1 mainly functions within 60 min of red light irradiation. Not all PIF directtarget genes are suppressed by PIL1 and/or HFR1 in the conditions tested in this study, indicating that the underlying regulatory mechanism is complex and may involve dynamic changes in phyB photoreceptor activity, PIF and PIL1 accumulation and PIL1 transcription, and may be affected by the possible complex feedback regulation resulting from these changes.
Action of PIL1 in Regulating Photomorphogenesis
In this work, we demonstrate that PIL1 undergoes a dynamic accumulation during the transitions from dark to light and that the dynamic accumulation of PIL1 is involved in phyB-and COP1-mediated regulation of photomorphogenesis. Based on our findings and previous reports, we propose a mode of action of PIL1 in mediating photomorphogenesis upon red light irradiation. In darkness, phyB is localized in the cytoplasm and PIFs accumulate in the nucleus, whereas COP1 is localized to the nucleus, where it interacts with PIL1 and HFR1 and promotes their degradation via the 26S proteasome. Consequently, PIFs are not suppressed by PIL1 and HFR1 and are able to promote the expression of their direct-target genes and repress photomorphogenesis ( Figure 10A ). When exposed to red light, phyB is activated and imported into the nucleus, where it on the one hand interacts with PIFs and induces their degradation and on the other interacts with COP1 and PIL1, resulting in the accumulation of PIL1 presumably through different layers of regulation, including repressing COP1 activity, inhibiting the COP1-PIL1 association, and promoting the translocation of COP1 from the nucleus to the cytoplasm. The accumulated PIL1, together with HFR1, interacts with PIFs and inhibits the transcription of their direct-target genes, thus promoting photomorphogenesis ( Figure  10B ). Our model does not explain the mechanism by which PIL1 accumulation is dramatically enhanced under either continuous blue or far-red light or upon initial blue and far-red light exposure. It is possible that cryptochromes and phyA are involved in these processes, likely through repressing COP1, and this possibility needs to be investigated in future studies. In nature, where blue, red, and far red light are present, it is possible that PIL1 accumulation can be enhanced significantly by blue and far-red light. This possibility can be tested by investigating the accumulation of endogenous PIL1 under white light in the presence and absence of CRY1, CRY2, phyB, and phyA in future studies.
METHODS
Plant Materials
All plants used were of the Columbia ecotype. pil1-2, cop1-4, hfr1-201, pif1345 (pifq), and 35S pro :GFP-HFR1/hfr1 were described previously (Soh, 2000; Yamashino et al., 2003; Yang et al., 2005; Khanna et al., 2006; Kang et al., 2009; Jia et al., 2014) .
Yeast Two-Hybrid Assay
For the LexA yeast two-hybrid system, yeast transformation, the calculation of relative b-galactosidase activities, and plate assays were performed as described previously (Yang et al., 2000; L.J. Liu et al., 2008) . The GAL4 yeast two-hybrid assay was performed according to the manufacturer's instructions (Matchmaker user's manual; Clontech). At least three independent experiments were performed, and the result of one representative experiment is shown. The phyB-PIL1 interaction assay with PCB was performed as described (Shimizu-Sato et al., 2002) , with minor modification. After heat treatment, the yeast cells were cultured for 3 h in darkness in liquid SD-T-L-H medium with 25 mM PCB (Scientific Frontier). The transformants were spread on SD-T-L-H plates with 25 mM PCB and incubated in continuous red light (3 mmol/s$m 2 ) or darkness for 3 to 6 d.
Protein Extraction, Immunoblotting and in Vivo Coimmunoprecipitation
Arabidopsis thaliana protein extracts were obtained with the following lysis buffer: 50 mM HEPES, pH 7.5, 150 mM KCl, 1 mM PMSF, 13 complete protease inhibitor cocktail (Roche), and 50 mM MG132 (Merck). PIL1-FLAG was detected with anti-FLAG monoclonal antibody (SigmaAldrich). Co-IP was performed by methods described previously (Shalitin et al., 2002; Zhu et al., 2008) , with minor modifications. All the seedlings were grown in continuous blue light for 4 d and transferred to the indicated conditions and incubated in liquid Murashige and Skoog medium containing MG132. For Co-IP of PIL1 and COP1, 8 mL of anti-COP1 antiserum (Lian et al., 2011) was incubated with 20 mL of protein G-sepharose beads (bed volume; GE Healthcare) for 2 h at 4°C . Then, equal amounts of total protein (1 to 3 mg) in 1 mL of lysis buffer was added to the mixture and incubated for 40 min at 4°C. For Co-IP of phyB and PIL1, equal amounts of total protein (1 to 3 mg) in 1 mL were incubated with 25 mL FLAG-beads (Sigma-Aldrich) for 30 min at 4°C. All the immunoprecipitates were washed three times with lysis buffer before the concentrates were resuspended with 23 SDS sample buffer, boiled for 5 min, and then subjected to immunoblot analysis. All these experiments were independently repeated three times, and one representative result is shown. The immunoblots were quantified with ImageJ (http://rsb.info.nih.gov/ij).
Protein Colocalization and BiFC Assays
All constructs for colocalization and BiFC assays were obtained by PCR amplification of the related fragments and cloning into the corresponding vectors listed in Supplemental Table 1 . The vectors of BiFC (pXY104 and pXY106) were described previously Liu and Howell, 2010) . These constructs were transformed into Agrobacterium tumefaciens strain GV3101 and infiltrated into tobacco (Nicotiana benthamiana) leaf epidermal cells at the indicated combinations ( Figures 1E, 4C, 4D , 5B, 5C, 7B, and 7C; Supplemental Figures 7 and 10), and analyzed by confocal microscopy (Leica TCS SP5II) after 40 to 48 h. CFP served as the internal control in all BiFC analyses ( Figures 4E, 5C , and 7C).
Dual-LUC Assay
The reporter constructs were obtained by PCR amplification of the related fragments (Supplemental Table 1 ) and cloned into the vector described previously (Hellens et al., 2005) . The effector constructs were described Regulation of PIL1 by COP1 and phyB 13 of 16 above and listed in Supplemental Table 1 . Infiltration and detection were performed according to the protocols described previously (H. , with minor modifications. All overnight Agrobacterium cultures were collected, resuspended in Murashige and Skoog medium to OD 600 = 0.6, and incubated at room temperature for 3 h. The reporter strain harboring PIL1 pro :LUC or ST2A pro :LUC or IAA19 pro :LUC was mixed with the effector strains harboring 35S pro :GFP-PIF5, 35S pro :PIL1-FLAG, and 35S pro :HFR1-CFP at the ratio of 1:5:2:2. The mixture that lacks any one of these three effector-comprising strains was supplemented with an equal amount of the control strain harboring 35S pro :MYC-GUS instead. The mixture of Agrobacterium suspensions was infiltrated into tobacco leaves. The leaf samples were collected after 2 d for the Dual-LUC assay using commercial Dual-Luciferase reaction reagents, according to the manufacturer's instructions (Promega). Three biological repeats were measured for each sample.
Accession Numbers
Sequence data can be found in the Arabidopsis Genome Initiative Database under accession numbers At2g46970 (PIL1), At1G02340 (HFR1), At2g20180 (PIF1), At1g09530 (PIF3), At2g43010 (PIF4), At3g59060 (PIF5), At1g09570 (PHYA), At2g18790 (PHYB), At2g32950 (COP1), At3G15540 (IAA19), and At5g07010 (ST2A). Germplasm was used as: pil1-2 (SALK_025372).
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